• Background and Aims Nursery pollination is a highly specialized interaction in which pollinators breed inside plant reproductive structures. Pollinator occupancy of host plants often depends on plant location, flowering synchrony and sex. The nursery pollination system between the dioecious dwarf palm Chamaerops humilis (Arecaceae) and the host-specific palm flower weevil Derelomus chamaeropsis was investigated. For the first time, sex, flowering synchrony and spatial distribution of plants was related to the occupancy probability and the abundance of D. chamaeropsis larvae, important traits influencing both pollinator and plant fitness.
• Background and Aims Nursery pollination is a highly specialized interaction in which pollinators breed inside plant reproductive structures. Pollinator occupancy of host plants often depends on plant location, flowering synchrony and sex. The nursery pollination system between the dioecious dwarf palm Chamaerops humilis (Arecaceae) and the host-specific palm flower weevil Derelomus chamaeropsis was investigated. For the first time, sex, flowering synchrony and spatial distribution of plants was related to the occupancy probability and the abundance of D. chamaeropsis larvae, important traits influencing both pollinator and plant fitness.
• Methods During the flowering season, all inflorescences in anthesis were counted every 12 d and a flowering synchrony index was calculated taking into account all possible correlations with generalized linear mixed models. To analyse the spatial structure of plants, larva occupancy and abundance, different techniques of spatial point pattern analysis were used.
INTRODUCTION
Pollination by animals is a key ecosystem service for the maintenance of both wild plant communities (Ashman et al., 2004; Aguilar et al., 2006) and agricultural productivity (Klein et al., 2007; Ricketts et al., 2008) . Up to 87 % of all flowering plant species rely on this mutualistic interaction, involving several groups of insects and small vertebrates (Richards, 1986; Harder and Barrett, 2006; Buchmann and Nabhan, 2012) . The plants offer a reward (pollen, nectar, refuge or oviposition sites) in exchange for pollination services. Resource availability (usually, open flowers) for pollinators varies markedly, both in time and in space, determining their patterns of activity and pollination effectiveness (Anker, 1990; Eckhart, 1991; Suzuki et al., 2003; Fedriani et al., 2015) .
Pollinators are usually attracted to a given plant or group of plants only after a certain threshold density of flowers bloom (Rathcke, 1983; Marquis, 1988; Fagan et al., 2014) . Thus, important traits governing successful pollination are the flowering synchrony of individuals (i.e. in relation to the population flowering peaks) and the number of flowers per plant (Augspurger, 1981; Melampy, 1987) . For instance, pollination in mass flowering species experience high intraspecific pollinator competition that results in a dilution of pollinator visits among the multitude of flowering resources (Fritz and Nilsson, 1994; Larson and Barrett, 2000; Delmas et al., 2014) . Additionally, the degree of plant aggregation across the landscape influences the successful discovery of host plants by their pollinators, with large and well-connected clumps of plants being generally more attractive to pollinators than isolated ones (Aizen and Vázquez, 2006; Fedriani et al., 2015) . For instance, in species such as Cypripedium japonicum (Orchidaceae) or Pyrus bourgaeana (Rosaceae), flowering individuals growing in clumps generally showed higher flowering synchrony and were more attractive to pollinators (Sun et al., 2009; Fedriani et al., 2015) .
The effect of the spatiotemporal flowering patterns on pollination success has been studied in several pollination systems (e.g. Eckhart, 1991; Traveset and Sáez, 1997; Dupont et al., 2009; Price et al., 2005) . However, relatively few studies have focused on systems where the pollinators not only feed on the floral structures but also use them as oviposition sites (but see Aker, 1982) . These 'nursery pollination' systems involve coevolution between two species, implying a variety of costs and benefits (see . In these systems, plants provide the pollinator with egg-laying sites (e.g. seeds, ovaries, inflorescences) and resources for larvae development in exchange for pollination services (Anstett et al., 1997; Cook and Rasplus, 2003; Herre et al., 2008) .
In dioecious plant species, the nursery pollination interaction consistently involves sex-specific components that influence egg-laying site selection and larva development (Norstog and Fawcett, 1989; Hossaert-McKey et al., 2016) . The pollinators' development takes place in sexual tissues that can occur in only one plant gender or differ between genders in their quality for pollinator reproduction. For instance, found that in all dioecious systems, except for that of Silene latifolia/Hadena bicruris (Jürgens et al., 1996; Bopp and Gottsberger, 2004; Labouche and Bernasconi, 2010) , pollinators only reproduce on a single sexual type of the plants (usually male plants). This implies that they will develop on male plants and pollination of female plants, in general, will be by deceit of pollinators. The more extended strategies to ensure visitation and pollination are the visual and/or chemical mimicry between male and female flowers, which prevents pollinators from discriminating between them Dötterl and Jürgens, 2005) . For instance, odour mimicry has been extensively studied in fig/fig wasp systems because it occurs in more than 300 fig species (Janzen, 1979; HossaertMcKey et al., 2016) . To ensure pollination in this system, the hermaphrodite (but functionally male) trees mimic the female floral volatile organic compounds to attract and deceive female wasps to lay their eggs in the non-functional ovaries (HossaertMcKey et al., 2016 ). The wasps' offspring then exit their natal fig loaded with pollen, and search for receptive flowers of female figs that have long styles, where female wasps can pollinate them but cannot lay eggs (Kjellberg et al., 1987; Anstett et al., 1997) . On the other hand, intersexual odour mimicry has also been proposed for the dioecious genus Siparuna (Feil, 1992) and Chamaerops humilis where deceptive females emit the same scent as males. Furthermore, in dioecious species, the spatial arrangement and the availability of individuals of the opposite sex within a patch can strongly affect both plant reproductive success and pollinator spatial distribution (Kunin, 1993; Groom, 1998; Davis et al., 2004; Gascoigne et al., 2009) . Understanding the variables that determine the pollinators' occupancy patterns in these systems will provide insight into how mutualisms evolve and function.
Here, we studied the nursery pollination system of the dioecious dwarf palm C. humilis with the host-specific palm flower weevil Derelomus chamaeropsis (Anstett, 1999; Fig. 1A ). In this specialized mutualism, once pollinating weevils have found a dwarf palm (either female or male), they typically stay until the end of anthesis, finding shelter, egg-laying sites and food (i.e. nectar drops or pollen) within the inflorescences . Oviposition occurs mainly inside inflorescence rachises during summer and autumn; larvae develop then during autumn and winter in the same old inflorescences attached to the plant (Anstett, 1999; Fig. 1B, C) . Weevil larva development should occur almost exclusively in male inflorescences, due to mechanisms that arrest larval development in female inflorescences . However, it seems that weevil larvae can also develop in female inflorescences that were not bearing fruits (Anstett, 1999) . Thus, C. humilis has developed two strategies to avoid any kind of selection from weevils between sexes and to ensure effective partner encounter and pollen transportation. The first strategy is odour mimicry. found that leaves of both sexes produce almost the same amount of volatile compounds during flowering anthesis and that both attracted weevils in the same proportion. The second strategy is flowering synchrony of male and female plants. Dufaÿ (2010) found that increased synchrony between sexes reduces the capacity of weevils to distinguish between male and deceptive female plants.
Our main objective in this study was to analyse how plant sex, flowering synchrony, plant density and spatial distribution are related to the occupancy probability of inflorescences by nursery pollinator larva. In this context, we tested the following hypotheses. (1) We expected higher larva occupancy in male inflorescences, and also that the female plants with higher larva occupancy would be those with non-pollinated inflorescences.
(2) Weevils are attracted to plants during flowering anthesis, so we expected that palms with higher flowering synchrony would attract more pollinators than palms with lower flowering synchrony (plants that flower earlier or later). (3) Once weevils are in a plant, we expected that a high number of inflorescences would decrease larva presence and abundance per inflorescence due to a resource dilution effect. (4) Aggregated plants tend to be more attractive to pollinators because they have to move relatively shorter distances to travel among individual plants ( Aizen and Vázquez, 2006; Fedriani et al., 2015) . We therefore expect that larva presence and abundance in inflorescences will be higher in palm aggregations and that larva presence will be spatially structured. (5) High-density plant neighbourhoods can attract more pollinators (Aguilar et al., 2006; Fedriani et al., 2015) . (6) We expect that inflorescences of palms in high-density areas will be occupied, on average, by more weevil larvae than palms located in low-density areas.
MATERIAL AND METHODS

Study area
We selected two focal populations of C. humilis (hereafter, Matasgordas and Martinazo; Fig. 2 
Data collection and statistical analyses
Presence and abundance of larvae. Larvae development occurs during autumn and winter in the same old inflorescences attached to the plant from the previous flowering season. Thus, in December 2011 and 2012 we identified the sex of each reproductive dwarf palm and randomly collected two old inflorescences from the past flowering season (n = 584 inflorescences). In 2013, we randomly selected two or four inflorescences of each reproductive plant during the flowering season and collected them in December (n = 479 inflorescences). In the lab, we carefully dissected each rachis by making a longitudinal cut along the base through all the inflorescence ramifications to avoid the accidental destruction of the larva. Finally, we extracted, identified and counted the number of D. chamaeropsis larvae (overall, n = 5986 larvae). For statistical analysis of the presence and abundance of larvae we performed generalized linear mixed models (GLMMs) through the GLIMMIX procedure (SAS; Littell et al., 2006) . Specifically, the presence of larvae was analysed using a binomial GLMM with a logit link function and larva abundance using a Poisson GLMM with a log link function. We quantified the effect of plant sex and study site over larva presence and abundance in inflorescences over the period 2011-2013. Study site (SS) and plant sex (S), as well as their second-order interactions, were included as fixed factors. Correlation between the number of inflorescences, flowering synchrony and weevil larvae. During the 2013 flowering season (February-May) we counted all inflorescences produced by each reproductive individual during the flowering season (n = 290 dwarf palms). Every 12 d we also counted the number of inflorescences in anthesis and calculated a flowering synchrony index X i for each individual i in relation to all the other individuals j, using the method of Augspurger (1983):
where e j≠i is the number of days that individuals i and j overlap in their flowering, f i is the total number of days individual i is flowering, and n is the number of individuals in the sample. X i = 1 when the flowering time of an individual i overlaps completely with all other individuals, and X i = 0 when there is no overlap in an individual's flowering time with that of any other individuals. The overall synchrony of the population is obtained by averaging individual synchronies. We analysed the differences in the synchrony index and the number of inflorescences between sexes with a binomial and Poisson GLMMs, respectively, where individual plants were included as a random factor. We analysed in two GLMMs the correlation between flowering synchrony and number of inflorescences with the larva presence and abundance data of 2013. As described above, we used the GLIMMIX procedure (SAS; Littell et al., 2006) , using a binomial GLMM with a logit link function for larva presence. For larva abundance, we used a Poisson GLMM with a log link function. Study site, plant sex, synchrony (Sn) and number of inflorescences (Ni), as well as their second-order interactions, were included as fixed factors. For this analysis we established several competing models (see Table 1 ) with different variable combinations and selected the best model based on Akaike's information criterion (AIC) as proposed by Burnham and Anderson (2002) .
For all GLMMs, plant individual (nested within study site) was included as a random a factor to control for their potential effects. When appropriate, year was also specified in the models as a random factor (Bennington and Thayne, 1994). We calculated the adjusted means and standard errors using LSMEANS and back-transformed them using the appropriate Taylor's series approach (Littell et al., 2006) . In the case of significant interactions, we tested for the effect of a given factor at the different levels of the other factor (i.e. tests of slices). The test of slices looks for separate effects for dwarf palms from fixed factors, it calculates them by extracting the appropriate rows from the coefficient matrix for the interaction using LSMEANS and by using them to form an F test (SAS, 2013) . We performed the GLMMs using the SLICE option in the LSMEANS statement of the MIXED procedure (Littell et al., 2006) . (A) Models for the presence/absence of larvae. (B) Models for the abundance of larvae. The best models are indicated in bold. Sex (S), number of inflorescences/ individual (Ni), synchrony index (Sn) and study site (SS). ΔAICc is the relative difference of a given AICc value compared with the smallest AICc. AIC weights indicate the relative support for every model (the weights of all the models in the candidate set have the sum of 1.
Spatial structure in larva occupancy and abundance Jácome-Flores et al. (2016) demonstrated that the dwarf palms in our study sites show aggregated spatial patterns. To determine if the spatial pattern of dwarf palms and/or a dependency on the neighbourhood density of dwarf palms had effects on larvae occupancy, we used techniques of marked point patterns (Jacquemyn et al., 2010; Wiegand and Moloney, 2014; Velázquez et al., 2016) . A marked point pattern is given by the coordinates of ecological objects (here dwarf palms) with a given observation window and attached marks that further characterize the objects. We used here the qualitative mark 'presence vs. absence' of weevil larva and the quantitative mark 'weevil larva abundance'. The goal of the marked point pattern analysis is to determine if the marks show spatial correlations (e.g. occupancy is spatially aggregated over the plants). To this end, we estimated several summary functions that captured different aspects of the spatial structure of larva presence/absence on the dwarf palms (e.g. mark connection and mark correlation functions; Wiegand and Moloney, 2014 ) and compared them to that of 999 realizations of a null model that represents the null hypothesis of absence of spatial correlations in the marks. For this we used the random labelling (or random marking) null model that randomly shuffles the marks over the palms (Wiegand and Moloney, 2014) .
To detect spatial correlations in the occupancy pattern of weevil larvae (qualitatively marked pattern) we used three summary functions to detect the following possibilities of larva occupancy patterns: (1) the conditional probability that, from two dwarf palms that are separated by distance r, both are occupied by larvae [testing for aggregation of occupancy; the mark connection function p 11 (r)]; (2) similar to (1) the conditional probability that the first palm is occupied but the second palm not [testing if dwarf palms with and without larvae are spatially segregated or aggregated; the mark connection function p 12 (r)]; and (3) whether dwarf palms containing larvae are preferably located in areas of overall high density of dwarf palms [e.g. high-density clusters) (g 1,1 + 2 (r) -g 2,1 + 2 (r)] (details in the Supplementary Data, Appendix).
To detect spatial correlation patterns in larva abundance (quantitatively marked pattern) we used non-normalized uniand bivariate r-mark correlation functions c m (r) (Illian et al., 2008; Law et al., 2009; Wiegand and Moloney, 2014 : section 3.1.7) as summary functions. The univariate function c m (r) is the mean number of larva in palms that have another palm at an approximate distance r. This allows us to determine if palms with a nearby neighbour tend to host a higher number of larvae than the 'average' palm. We analysed the univariate pattern of males and females separately (univariate analysis). We use also a bivariate function c m2 (r) given by the mean number of larva in female palms that have a male palm at approximate distance r to determine if a female palm hosts fewer larvae if a male palm is nearby (compared to the 'average' female palm). Finally, we used the density correlation function C m,K (r) proposed by Fedriani et al. (2015) to test whether the number of larvae in a focal palm is correlated with the number of palms in its neighbourhood. The density correlation function C m,K (r) is the classical Pearson correlation coefficient between the larva abundance m i of palm i and the number of neighbours K i (r) of plant i within distance r [=λK i (r)]. Details can be found in the Appendix.
In all analyses we used 999 Monte Carlo simulations of null models for construction of pointwise simulation envelopes, being the 25th highest and 25th lowest values of the summary function of the simulated patterns (Velázquez et al., 2016) . If the observed summary function wanders outside the pointwise simulation envelopes we may have a spatial structure in the marks. To determine if the departure is significant we accounted for effects of multiple testing . For this we used the goodness-of-fit (GoF) promoted by Loosmore and Ford (2006) . A departure from the null hypothesis occurred if the P-value of the GoF test was <0.05. For all point pattern analyses, we used the software Programita (Wiegand and Moloney, 2014) , which can be accessed at www. programita.org.
All the data are available from the Figshare repository: https://figshare.com/s/084be486a974b0d85033 (Jácome-Flores et al., 2016) .
RESULTS
Do D. chamaeropsis larvae develop only in male inflorescences?
The effect of sex and study site on the probability of presence and the average number of larvae was evaluated for the 2011, 2012 and 2013 seasons in Martinazo and for the 2011 and 2013 seasons in Matasgordas. In 2012, the Matasgordas area suffered a fire, burning 97 % of dwarf palm individuals, so we had no data from that year.
The overall composition of the two populations was 54.9 % female and 45.1 % male individuals. The sex ratio was different for the two populations: Matasgordas was female-biased (females/males 1.35: 1), whereas Martinazo was male-biased (1: 1.16). For the presence model, we found significant differences between the sexes (F 1,2074 = 123.23, P < 0.0001). Inflorescences of male plants had a 3.6 times higher probability of having larvae than those of female plants (Fig. 3A) . We additionally found significant differences (F 1,2074 = 13.45, P = 0.0003) between study sites, with inflorescences in Matasgordas having a lower probability of hosting larva (0.48) than Martinazo (0.68), both before and after the fire. Although the second-order interaction between sex and study site was not significant (F 1,2074 = 0.06, P = 0.805), we found that males in Martinazo had a higher probability of hosting larva (0.88) than males in Matasgordas (0.77).
In the abundance model, we excluded plants without larva. In this model, the interaction between sex and study site was significant (F 1,293 = 15.09, P = 0.0001). Although in both populations inflorescences of male plants had more larvae than those of female plants, the difference was greater in Matasgordas (Fig. 3B) . Tests of slices indicated that in both locations, the differences between males and females were significant (Matasgordas, F 1,293 = 120.07, P < 0.0001; Martinazo, F 1,293 = 8.04, P < 0.0049). Moreover, inflorescences of male plants in Matasgordas had significantly more larvae than those of males in Martinazo (test of slices, F 1,293 = 2.51, P < 0.0001). There were no significant differences between study sites (test of slices, F 1,293 = 22.03, P < 0.1139) in abundance of larvae on female plants.
Correlation between the number of inflorescences, flowering synchrony and weevil larvae
We assessed correlation between the number of inflorescences, flowering synchrony and weevil larvae for the 2013 data. In general, plants followed a unimodal distribution in flower production, beginning in February with an abrupt decrease in May (Fig. 4) . The production of female and male inflorescences peaked around 14-16 April in both populations. The GLMM for the synchrony index (which was corrected for the effects of random factors) indicated significant differences between sexes (F 1,10 = 21.69, P = 0.0009). Male inflorescences were on average more synchronous (0.75 ± 0.01, mean ± s.e.) than females (0.67 ± 0.02). We found no significant differences between the two study sites (F 1,10 = 3.93, P = 0.08). Our model did not reveal any significant differences in the mean number of inflorescences produced by males (40.84 ± 2.37) and females (38.99 ± 2.29; F 1,1 = 0.32 P = 0.673), again with no significant differences between the study sites (F 1,1 = 37.69, P = 0.1028).
Incorporating the measures of flowering synchrony and number of inflorescences into the presence GLMMs and using the ΔAICc < 2 model selection criterion, we found two best-supported models (Table 1A ; models 8 and 10). The most parsimonious model was model 8 without an interaction between sex and flowering synchrony, where the differences in sex and flowering synchrony did not have an effect on the presence of larvae. Instead, for the abundance GLMMs we found three best-supported models (Table 1B , models 5, 7 and 9) where the interaction between sex and flowering synchrony seems to be constant. We selected the most parsimonious model, model 5, with only one interaction. The results of the selected models were used to evaluate the effect of each variable (Table 2) .
For the presence model, we found significant effects of all main factors except flower synchrony ( Table 2) . As we know, males were more likely to hold larvae (0.80 ± 0.03) than females (0.33 ± 0.04). Study site had an effect on larva presence: plants in the high-density study site had a lower probability of holding larvae (Matasgordas = 0.52) than those of the low-density study site (Martinazo = 0.65). In the first significant interaction (sex and number of inflorescences) we found that the inflorescences with a greater probability of having larvae were those male inflorescences on plants with a low number of inflorescences (estimate = −0.97); the same negative correlation was found in female inflorescences within a plant with a low number of inflorescences but the intensity of this interaction was higher (estimate = −0.114). The second interaction (number of inflorescences and flowering synchrony) was related to an increased probability of having larvae not only in the plants that are more synchronous, but also in those with a low number of inflorescences.
For the abundance model (where we exclude palms with zero larvae), we found that sex was again a variable with an important effect, along with the number of inflorescences and study site (Table 2) . We found that male inflorescences had more larvae (8.45 ± 0.53) than females (3.96 ± 0.36). This means that male inflorescences were not only more prone to having larvae but also tended to have larvae in greater numbers. The flowering synchrony of dwarf palms had a significant positive effect (estimate = 0.72) on abundance. Furthermore, we found that dwarf palms in the Matasgordas study site had on average more larvae (6.4) than those in Martinazo (5.2). Finally, the interaction between synchrony and sex had an important effect: the most synchronous female and male plants had on average more larvae, but the effect was stronger in males (estimate males = 1.75, females = 1.45).
Spatial structure in larval occupancy
Random labelling analysis showed that the presence of larvae in dwarf palms followed largely random patterns. We did not find evidence for spatial correlations in larva presence; the observed mark connection functions for the two study sites in the two years were inside the simulation envelopes (Fig. 5) . The results of the mark connection function p 11 (r) indicated that the occupancy of palms was not enhanced if another occupied palm was nearby (i.e. no aggregation of dwarf palms with larvae within the pattern of all dwarf palms). The bivariate function p 12 (r) showed that dwarf palms with and without larvae were not segregated or aggregated within all palms. Finally, the test of g 1,1 + 2 (r) -g 2,1 + 2 (r) showed that the density of dwarf palms did not influence their occupancy; larvae were not more likely to be present in palms with more palm neighbours.
Spatial structure in larva abundance of male and female palms
There was no significant aggregation of larva abundance at any spatial scale. The number of larvae in dwarf palms was randomly distributed in both study sites (Fig. 6) . The only spatial structure that we found was for the year 2011 in Matasgordas, where female palms hosted more larvae if they were close to males (P = 0.03, rank = 196) at small spatial scales (5-10 m).
The density correlation function C m,K (r) did not detect any effect of palm density on larval abundance in any year at Martinazo (P > 0.05; Fig. 7 ). However, we found a highly significant and negative density dependence at distances larger than 16 m for Matasgordas in 2013.This means that palms with more neighbours at distances >16 m tended to host fewer larvae (Fig. 7) .
DISCUSSION
To our knowledge, this is the first study addressing the effects of flowering synchrony and plant spatial patterns on the presence and abundance of larvae of its nursery pollinator. At the plant level, we found a strong correlation between larva presence/abundance and plant sex. Also, flowering synchrony and number of inflorescences influenced weevil larva abundance and presence. At the population level, we found that study site did not affect larva presence and abundance, except for the differences in larval abundance in the male inflorescences in each location. Incorporating flowering phenology traits such as synchrony and number of inflorescences (only data for 2013), we found an unexpected negative correlation between larva occupancy and the density of plants in each study site. Finally, we were unable to detect any spatial effect of density and distance dependence on larva occupancy and abundance. One of the most interesting findings of our study relates to plant sex. We found that male plants showed a higher probability of hosting larvae as well as hosting higher numbers of larvae. According to , weevil larvae only develop within male inflorescences, with benefits to the reproductive success of the dwarf palm, because fruit development would not be affected by weevil occupancy. Furthermore, these authors suggested that weevil larvae could not develop on female inflorescences due to a defence mechanism associated with the process of fruit development. In our 3-year field study, we found that in each year almost 30 % of the female dwarf palms held weevil larvae. However, we observed that female inflorescences with larvae were those with a low mean proportion of fruit-set (0.07) and in those without fruits, in the same vein as the findings of Anstett (1999) and . The occurrence of these poorly or non-pollinated inflorescences could be related to a low abundance of pollinators, leaving some inflorescences unvisited. This is a common pattern in plants with a high number of flowers, where intraspecific pollinator competition results in pollinator visits being diluted among the multitude of flowering resources (Fritz and Nilsson, 1994; Larson and Barrett, 2000; Delmas et al., 2014) . We found, contrary to our predictions, that the number of inflorescences was negatively correlated with the presence of larvae on both sexes. Plants with higher numbers of inflorescences might have a lower probability of holding weevil larvae due to a resource dilution effect because an increase in available inflorescences in a plant outstrips the increase in arriving weevils. This has been described in similar systems such as for the globeflower Trollius europaeus and its specialist tests the conditional probability that, from two dwarf palms that are separated by distance r, both are type 1; p12(r): gives the conditional probability that, from two dwarf palms that are separated by distance r, the first is type 1 (i.e. with larvae) and the second is type 2 (i.e. without larvae); Difference: compares the density of dwarf palms (i.e. 1 + 2) around dwarf palms with larvae with the density of dwarf palms around dwarf palms without larvae (i.e. type 2). The white circles represent the distribution for the used statistic. Filled circles: empirical mark connection function; grey shading: expectation under the null model; and black lines: simulation envelopes constructed from 25th lowest and highest values taken from 999 simulations of the null model where plants with larvae and without larvae were independently shuffled.
pollinator and seed predator, the fly Chiastocheta spp. (Klank et al., 2010) . From the weevils' perspective, the non-pollinated inflorescences represent an available resource for oviposition and larval development. We therefore concluded that for low pollinator availability, there would be fewer pollinated female inflorescences, which would increase the number of oviposition sites for weevils. Although weevils cannot avoid deceptive flowers because the arrest of larval development occurs only after fruits have started to develop , our findings suggest that females, in general, do not cheat pollinators by killing their larvae as proposed by , but instead provide a reduced reward relative to males. Many studies find that highly synchronous flowering plants are more attractive to pollinators (Eckhart, 1991; Ashman, 2005; Castilla et al., 2011) . However, we know very little about how floral synchrony relates to the pollinators' survival and reproduction in nursery pollination systems. In our system, this pattern could be related to synchronicity between two events: weevil emergence and emission of volatile compounds during flower anthesis . If a plant flowers before weevil emergence, there will be a lower probability that a weevil oviposits on it. On the other hand, if a plant flowers too late, there will be few available weevils because the majority would have already oviposited in another plant. Dufaÿ (2010) found that the number of freshly emerged weevils decreased strongly with time, suggesting lower availability of pollinators that could oviposit in late-flowering plants. Thus, synchronous flowering may be a good strategy to attract pollinators (Elzinga et al., 2007) . Of course, the effect of this variable was stronger when we analysed its interaction with plant sex, as explained above. Furthermore, similar to Dufaÿ (2010) we found that male dwarf palms tended to flower more synchronously in our study sites, and females ended their anthesis later, with some overlap with male flowering. This could have a positive effect on the oviposition and pollination of female dwarf palms. Highly synchronous males reach the end of anthesis at the same time, leaving no resources for weevils, so they have to abandon these plants and travel to less rewarding females with belated available inflorescences in anthesis. Dufaÿ (2010) found that weevils visit female plants entering anthesis by the time many males were finished flowering, and produced the highest proportions of fully pollinated fruits, suggesting better pollination. Finally, the interaction between synchrony and number of inflorescences had a significant effect only for larva presence. We found that the dwarf palms with the highest probability of holding larvae were those with high flowering synchrony values (where plant anthesis coincides with weevil emergence) and with few inflorescences, which increased the probability of oviposition. Individual plants in other nursery pollination systems present a similar pattern (Klank et al., 2010) . It seems that flowering synchronously with a high number of inflorescences is a strategy developed in these systems to mitigate the antagonistic effect of pollinators over seed predation, through a form of predator satiation. In terms of plant population, we found a slight effect of study site, possibly related to plant density. Matasgordas had a density three times higher than Martinazo, which could impinge upon larva presence and abundance in each plant. Although high plant density could be more attractive to weevils due to a higher presence of volatiles, plants in dense patches could experience high competition for pollinators. Thus, the resource dilution effect is consistent at the population level, where dwarf palms in high-density neighbourhoods 'diminish the capacity' of weevils to oviposit in all available dwarf palms. Furthermore, in another study in the same areas (M. E. Jácome-Flores et al., unpubl. data), we found that pollination success (measured as fruit initiation) was 1.42-fold higher at Martinazo. This result provides a good proxy for adult weevil abundance and suggests that Matasgordas had pollinator limitation.
In terms of spatial patterns, we expected a higher probability of weevil presence and higher weevil abundance in palms surrounded by more neighbours, where resources are more abundant (Aizen and Vázquez, 2006; Fedriani et al., 2015) . Plant selection by an insect (e.g. suitable oviposition sites) has been described as a major cause of non-random patterns in insecthost associations (Kunin, 1993; Groom, 1998; Singer et al., 2002; Davis et al., 2004; Gascoigne et al., 2009) , and the dwarf palm distribution shows a strong aggregated pattern (Jácome-Flores et al., 2016) . We believe that, in our study sites, D. chamaeropsis weevils use only dwarf palms as hosts, so plant distribution should have a very strong effect on the distribution of larva presence and abundance. However, we did not find a distance-dependent effect on the number of larvae.
One explanation for the absence of spatial patterns would be low statistical power due to low sample sizes. In general, the width of the simulation envelopes is inversely related to the number of points of the pattern . Thus, if the sample size is small (<100; Wiegand et al., 2016) we may not detect spatial patterns because the simulation envelopes become too wide. Thus, our analysis at Martinazo may be prone to low statistical power because the sample size was low (42 female and 49 male palms), but this should not be the case at Matasgordas with sufficiently high sample sizes (167 female and 127 male palms). An alternative biological explanation for the absence of spatial effects is that the pollinator is highly mobile. This was demonstrated with a 'natural experiment' caused by the 2012 fire in Matasgordas, where most inflorescences with their weevil larvae were eliminated. Fortunately, 95 % of the burned palms survived, due to their capacity to resist fires (Granados et al., 1988; Herrera, 1989) . Flowering the following year occurred normally, and weevils coming from unburned palms were capable of ovipositing even in the most distant individuals (235 m away from any conspecific), with no changes in the distance dependence patterns. Applying a density dependence function, we found that the number of larvae decreased with an increase in the number of plants, which is a transient dilution effect created by disturbance (Otway et al., 2005) . We expect that once the weevil's populations recover, the pattern will again be random, as found in the Martinazo study site and the first year at Matasgordas. It seems that a lack of density and distance dependence of host occupancy are not rare in nursery pollination systems. For instance, studies of the Lophocereus-Upiga (Holland and Fleming, 1999) and Trollius-Chiastocheta (Klank et al., 2010) systems revealed no direct effects of plant population size or population-level plant density on the abundance of nursery pollinators, with occupancy rates being spatially uniform.
In summary, our results demonstrate that in a nursery-pollinated dioecious palm, plant sex, flowering display and flowering synchrony act as additive forces influencing the presence and abundance of the specialized pollinator larvae. Furthermore, despite the fact that D. chamaeropsis use mainly male inflorescences, we found clear evidence that female dwarf palms also provide rewarding oviposition sites, and thus female plants 'pay' for the pollination services. Our findings highlight that plant local aggregation is not always the primary determinant of pollinator attraction, whereas flower traits and phenology could be critical in specialized plant-pollinator interactions. This study raises questions about nursery pollination in dioecious species. In particular, future research should focus on whether and how the number of visits by adult weevils impinges upon C. humilis fruit initiation and development. On the other hand, the spatial arrangement of floral resources in our highly synchronous populations did not influence the larva occupancy pattern, suggesting a high dispersal ability of adult weevils. Our study exhaustively documents the spatial and temporal patterning of pollinator occurrence and abundance in a poorly studied system; it reveals new costs/benefits associated with such interactions and thus furthers our understanding of the ecology and evolution of nursery pollination.
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